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Introduction
Recently, there has been an immense amount of interest in the fabrication of composite nanoparticles, such as core-shell structural materials [1] [2] [3] . In particular, the fabrication of metallic nanoshells, which consist of an insulating spherical core surrounded by a thin, uniform metallic shell, is an attractive area of investigation, because of their potential use in the fields of surface-enhanced Raman scattering, catalysts, biochemistry, optical filters, and flip chip fabrication procedures [4] [5] [6] . Up to now, several routes have been investigated for the synthesis of such core-shell structures. A number of different colloidal "cores" such as TiO 2 [7] and SiO 2 [8] have been investigated. Additionally, polymer spheres with submicron and micron sizes have also received considerable attention. The capping of poly(methyl methacrylate)-poly(methacrylic acid) latex spheres with a semiconductor (CdS) or metal (Ag) was accomplished directly in the electrical double layer of the microspheres, which were later used in the fabrication of photonic crystals [9] . Phadtare et al. demonstrated the direct assembly of colloidal gold on polyurethane spheres [10] . They also reported the fabrication of gold shells on polystyrene (PS) cores. Khan and co-workers [5] attempted to carry out a systematic study to examine the morphology of metallic gold overlayers deposited onto conducting polymer-coated PS via the electroless plating method previously described by Kang and co-workers [11] [12] [13] . In order to ensure that there is close contact between the gold layer and the PS, the PS surface should have sufficient hydrophilicity, which can be provided by the sulfonation reaction. However, the decoration on the linear or partially crosslinked PS is difficult to control, because the PS cores do not attain a sufficiently high degree of sulfonation without some deformation occurring in the particle shape. Moreover, in most of the cases described above, the physical attraction of the polyelectrolyte employed on the cores makes it difficult to tune the thickness and uniformity of the metal shells.
In order to overcome the problems encountered with polystyrene beads, an alternative material, poly(divinylbenzene) (PDVB) beads (2-5 ), was synthesized by precipitation polymerization [14] [15] . Highly crosslinked poly(divinylbenzene) microspheres exhibit a combination of good mechanical strength and thermal resistance along with excellent chemical stability and can be prepared with a wide variety of diameters [16] . As a result, they are attractive for a wide range of applications [17] [18] . In order to obtain high gold coverage, the Au-coated PDVB beads were added to an aqueous solution of NH 2 OH and HAuCl 4 and the mixture was stirred. Herein, we report on the fabrication of multifunctional cores, with the emphasis being placed on the preparation of the Au shells on the PDVB beads.
Experimental Section
Material. Divinylbenzene (DVB) (80% mixture of isomers), phenanthroline, hydroxylamine solution (50 wt.%), thiourea, trioxane, tin tetrachloride, chlorotrimethylsilane and azobisisobutyronitrile (AIBN) were commercially obtained from Aldrich Chemicals Co. HAuCl 4 and chlorosulfonic acid were purchased from Kojima Chemicals and Junsei Chemicals, respectively. All the above reagents were used as received.
Preparation of Au/modified PDVB cores. The monodispersed and cross-linked PDVB beads were prepared by the method described in the literature [14] [15] . The PDVB beads were chloromethylated in a solution of chlorotrimethylsilane and trioxane [19] . The chloromethyl group of the PDVB cores was successfully converted into the SH-group using a previously reported procedure [20] . The PDVB cores were further modified so as to introduce the sulfonic acid group by reacting them with chlorosulfonic acid in 1,2-dichloroethane medium for 20h, follow by hydrolysis. After their sulfonation, the PDVB cores were post-treated by washing them in a solution of 0.1 M NaOH and 0.1 M HCl, and then kept in de-ionized water [21] . Finely, a gold layer was coated on the modified PDVB cores using a chemical reduction method involving the use of a gold-phenanthroline complex, [AuCl 2 (phen)]Cl. The gold complex was synthesized according to the literature procedure [22] . The subsequent growing reactions of NH 2 OH and HAuCl 4 increased the gold coverage to more than 90%. Characterization. The morphology of the Au/modified PDVB cores was observed using a scanning electron microscope (ESEM, Phillips XL30 ESEM-FEG). The infrared spectra were obtained using an FT-IR spectrophotometer (Bruker IFS-66/S). The XPS measurements were carried out using a VG Scientific ESCA 2000 spectrometer with an Mg-Kα X-ray source operating at a power of 170 W (13 mA and 13 kV).
Results and Discussion
A novel core-shell material composed of close-packed gold shells on poly (divinylbenzene) (PDVB) cores (2-5 µm) was fabricated via the reduction of a gold-phenanthroline complex and subsequent seeding reaction in a solution of NH 2 OH and HAuCl 4 (See Fig. 1 ).
The monodispersed PDVB-beads were modified by sulfonation (PDVB-SO 3 ), chloromethylation, and then the conversion of the chloromethyl group into the SH-group (PDVB-SH). The modified PDVB cores were characterized by FTIR spectroscopy. In the modification of the PDVB spheres, the sulfonic acid group provides sufficient hydrophilicity to allow for good affinity with the aqueous solution of the gold precursor complex, while the thiol group provides close contact with the gold 1516 Experimental Mechanics in Nano and Biotechnology metal through the formation of chemical bonds. The presence of the sulfonic acid and thiol groups was confirmed by FT-IR spectroscopy, by observing the bands at 1100 cm -1 and 2500 cm -1 , which were attributed to the S=O and S-H symmetric stretching vibrations, respectively. In addition, the degree of sulfonation was determined by measuring the ion-exchange capacity (IEC) of the beads using the back titration method. The IEC was found to be 5.72 meq/g. The SEM images showed the good contact between the gold and the modified PDVB beads. The thiol group acted as an active functional group, which had good affinity with gold. The modification of the PDVB brought about by the introduction of the SH-group and subsequent seeding reaction allowed for the efficient control of the gold coverage and led to the formation of relatively stable products. 
Conclusion
Micrometer sized Au-shell/PDVB beads were prepared through a combination of chemical and seeding reactions. The PDVB beads were modified by sulfonation (PDVB-SO 3 ), chloromethylation and subsequent conversion of the chloromethyl group into the SH-group (PDVB-SH). Following the formation of the Au shells, the gold coverage was increased by the reaction with NH 2 OH and HAuCl 4. The formation of the PDVB-beads and gold shells was monitored by SEM.
